We report a high-energy picosecond optical parametric generator/amplifier (OPG/A) based on a MgO:PPLN crystal pumped by a fiber master-oscillator-power-amplifier (MOPA) employing direct amplification. An OPG tuning range of 1450-3615 nm is demonstrated with pulse energies as high as 2.6 μJ (signal) and 1.2 μJ (idler). When seeded with a ~100 MHz linewidth diode laser, damage-limited pulse energies of 3.1 μJ (signal) and 1.3 μJ (idler) have been achieved and the signal pulse time-bandwidth product is improved to ~2 times transformlimited. When seeded with a 0.3 nm-bandwidth filtered amplified spontaneous emission source, crystal damage is avoided and maximum pulse energies of 3.8 μJ (signal) and 1.7 μJ (idler) are obtained at an overall conversion efficiency of 45%.
Introduction
Tunable sources of short laser pulses in the mid-IR are useful for a number of spectroscopic and materials processing applications due to the presence of characteristic vibrational absorptions of organic materials in this spectral region [1, 2] . Optical parametric processes offer an effective route to frequency down-conversion of readily available near-IR sources to longer mid-IR wavelengths. In particular, optical parametric generators (OPGs) are attractive, due to their simple single-pass nature, allowing compact devices that are less costly and less sensitive to external perturbations in comparison to the synchronously-pumped cavities of short-pulse optical parametric oscillators (OPOs). However, as a result of the single-pass interaction, OPGs require high-intensity pump sources to achieve a high parametric gain. Typically, this has been achieved using solid-state near-IR pump lasers based on gain media such as Ti:sapphire or Yb-doped tungstates [3] [4] [5] . Additionally, in order to reach the μJ-level mid-IR pulse energies that are interesting for organic materials processing techniques such as resonant infrared pulsed laser deposition (RIR-PLD) [6, 7] , systems are normally operated at Hz to kHz repetition rates [8] [9] [10] .
Advances in fiber laser technology have greatly extended the range of achievable output powers and energies from such devices, raising them to levels suitable for pumping parametric devices. As an example, an optical parametric amplifier (OPA) pumped by a fiber chirped-pulse amplification source has generated femtosecond pulses with energies as high as 1.2 μJ in the near-IR [11] . Using a 7.19 MHz, Yb-fiber MOPA system, employing similar direct amplification to the system described here, but with a more complex OPO configuration, pulse energies as high as 0.49 μJ at 1.5 μm and 0.19 μJ at 3.6 μm have been demonstrated with ~100 ps pulses [12] .
Here we describe a compact, stable, OPG pumped by a nearly all-fiber MOPA system operating at 1035 nm, with 150 ps duration pulses at 1 MHz repetition rate and employing simple direct amplification. By injectionseeding with a narrow (~100MHz) linewidth continuous-wave (CW) laser for OPA operation, the pump threshold and output linewidth were significantly decreased and pulse energies as high as 3.1 μJ were obtained before damage was observed in the MgO:PPLN crystal. Using a broader 0.3 nm-bandwidth seed, maximum energies of 3.8 μJ signal (1541 nm) and 1.7 μJ idler (3150 nm) were obtained without crystal damage, limited only by the pump energy and at an overall power conversion efficiency of 45%. The experimental setup is shown in Fig. 1 . The MOPA pump source, which is described in detail in [13] , consisted of a PM-fiber-pigtailed gain-switched laser-diode seed laser, self-seeded by feedback from a uniform-pitch fiber Bragg grating, operating at a central wavelength of 1035 nm and a repetition rate of 87.5 MHz, followed by two Yb-fiber preamplifier stages. A fiber pigtailed electro-optic modulator (EOM) was then used as a pulse-picker to reduce the repetition frequency to 1 MHz. A third 10-μm-core Yb-fiber preamplifier and a 25-μm-core Yb-fiber power booster were employed to increase the output power. The power input to the OPG/OPA was varied using a half-wave plate before a polarizing beam splitter, as shown in Fig. 1 . Another half-wave plate was used to rotate the beam polarization orientation to realize quasi-phase matching in a MgO-doped periodically poled lithium niobate (PPLN) crystal. The beam after the dichroic mirror (DM1, Fig. 1 ) was focused into the PPLN with a beam waist of 80 μm in order to ensure that the peak intensity (<1GW/cm 2 ) was below the crystal damage threshold. The 40-mm-long PPLN crystal (MOPO1-1.0-40, Covesion) had five gratings with periods ranging from 29.5 to 31.5 μm in steps of 0.5 μm and was mounted inside an oven to allow temperature tuning in the range from 20 to 200 °C with a precision of 0.1 °C. The signal output was extracted using a dichroic mirror (DM2, Fig. 1 ), with high transmission at the pump and idler wavelengths and high reflection at the signal wavelength. The signal power was measured after a long-pass filter (LPF1, Fig. 1 ), which had a low-wavelength cut-off at 1250 nm (FEL1250, Thorlabs). After the unconverted pump was filtered by a dichroic mirror (DM3, Fig. 1) , the idler beam then passed through a long-pass filter (LPF2, Fig. 1 ) with a low-wavelength cut-off of 1.9 μm (LWP-4047-1-1-09, Northumbria Optical Coatings) before the idler power was measured. The signal and idler output powers discussed in the following text correspond to that immediately after the PPLN crystal, taking into account the losses of the DMs and LPFs.
Experimental setup

Results and discussion
The available average pump power from the MOPA system, after passing through the various optical elements before the PPLN crystal was 12 W. The pump pulses had a duration of 150 ps and a bandwidth of 0.5 nm, corresponding to a time-bandwidth product (TBP) of 20. Without seed laser injection, the generation of signal and idler pulses was observed at a pump threshold of around 5 W in the single-pass OPG process. By using different PPLN grating periods and oven temperatures, the signal (idler) wavelength could be tuned from 1450 nm to 1800 nm (2435 nm to 3615 nm), as shown in Fig. 2 . The measured wavelengths are in accordance with the theoretically predicted curve based on the published Sellmeier data [14] . Figure 2 also describes the output power as a function of pump power. The signal and idler output powers increased linearly with slope efficiencies of 38% and 17.5%, resulting in maximum powers of 2.67 W and 1.24 W. Therefore, considering the total output power, the overall power conversion efficiency of the OPG was 32% at full power. For a grating with a period of 29.5 μm and a temperature of 150 °C, the measured signal and idler spectra had central wavelengths of 1504 nm and 3325 nm, respectively. The full-width at half-maximum (FWHM) spectral bandwidths of the signal and idler were 5.6 nm and 40 nm, respectively, as given in Fig. 3(a) . The second peak located at 1510 nm in the signal spectrum under high-power OPG operation shown in Fig. 3(a) , is attributed to a 1st stokes Raman frequency shift. The frequency shift of 46 cm -1 from 1500 nm is consistent with the published value for MgO:PPLN [15] and the broad OPG spectrum would lead to a seeding of this Raman peak. The pulse duration of the signal was measured using a 20-GHz digital communication analyzer (HP83480A, Agilent) and a 32-GHz-bandwidth detector (HP83440D, Agilent), giving a FWHM pulse width of 130 ps, which is slightly shorter than the pump pulse as a result of the temporal gain narrowing effect [16] . The corresponding peak power was 20.5 kW. Nevertheless, the broad spectral bandwidth degraded the TBP of the generated signal to 96, which is far from Fourier transform-limited. The broad spectrum from the OPG therefore limits its range of potential applications. In order to narrow the spectral linewidth and, in particular, to improve the degraded TBP, an injection signal was used to seed the OPG for OPA operation. In a first single-pass OPA operation experiment, we employed a commercial fiber-coupled, unpolarized, CW, tunable external-cavity diode laser (Tunics-plus, Photonetics) capable of emitting anywhere in the range 1.5 μm to 1.6 μm with a spectral linewidth of ~100 MHz. The seed and pump beams were combined by a dichroic mirror (DM1, Fig. 1 ). With 4 mW of seed laser power the pump threshold decreased to approximately 2.5 W. An average signal power of 3.1 W and an average idler power of 1.3 W were obtained at a pump power of only 9.2 W. However, any further increase in the pump power caused damage in the MgO:PPLN crystal. By increasing the pump spot size we could avoid the damage, but this limited the extractable energy as the pump threshold was also increased. As shown in Fig. 3(a) , the signal linewidth was reduced to 0.046nm leading to a ~100 times increase in spectral density. Furthermore, the corresponding pulse duration increased to 150 ps, as a consequence of the saturated gain in the OPA operation regime [8] , as seen in Fig. 3(b) . As a result, the TBP was calculated to be 0.9 which is approximately two times the Fourier limit for Gaussian-shaped pulses (0.44), while the TBP of the pump pulses was 20. Thus the pulse quality of the generated signal can be effectively improved from that of pump in a seeded OPA process. The attainable signal peak power was thus 20.7 kW at the maximum without damage. The idler spectral FWHM bandwidth was measured to be 6 nm. As expected, the frequency bandwidth was essentially transferred from pump (4.7 cm -1 ) to idler (5.4 cm -1 ) [17] . No Raman peaks were observed in this case as the narrower linewidth did not seed its generation.
An exploration of the requirement and influence of the seed laser power on the parametric gain in the singlepass OPA process was performed. With the pump power fixed at 9 W, we measured the signal output power by seeding the OPA at different power levels. As illustrated in Fig. 4(a) , with only 2-mW average seed power, saturated maximum extractable power from the OPA can be obtained. Taking into account the duty cycle of the 150-ps pulses and 1-MHz repetition rate, the seed power of 2 mW corresponded to an effective average seed power of only 0.3 μW within the pulse duration and so the 2.7 W output represents a gain of 70 dB. For smaller seed powers gains as high as 79 dB were observed. The signal beam quality was characterized in both OPG and OPA regimes by using a scanning-slit opticalbeam profiler (BP104-IR, Thorlabs). Figure 4(b) shows the experimental results. It can be seen that seeding enhanced the beam quality, with the M 2 factor decreasing from 3.2 for the OPG to 2.1 for the OPA at high signal powers. There was a noticeable increase in parasitic visible radiation in the OPA configuration compared to that of the OPG. As crystal damage had not been observed under OPG operation we speculated that one possible reason for the damage may be related to the narrowed linewidths associated with OPA operation leading to an increase in green-induced infrared absorption [18] . Another possible explanation could be due to self-focusing via cascaded second-order nonlinearity. The high pump intensity of ~0.8 GW/cm 2 indicates that the OPA was operating in the regime where such self-focusing could occur in PPLN [19] . Injecting a seed with more longitudinal modes, associated more quantum noise, would increase the self-focusing threshold [20] . Thus, in order to improve the maximum extractable energy, we reduced the seed spectral density by replacing the narrow-linewidth tunable external-cavity laser with a broader-bandwidth filtered amplified spontaneous emission (ASE) source. The new seed had a central wavelength of 1541 nm and a FWHM spectral bandwidth of 0.3 nm, and delivered an output power of 24 mW. In order to ensure the two OPAs were operated with exactly the same setup with unchanged alignment, the output power from the second seed was not attenuated but we would expect that much lower average powers would be sufficient to saturate the OPA output power, as shown in the first configuration. With the seed on and pumped at full power, no damage to the PPLN was observed. Figure 5 shows that the output power of the generated signal and idler increased linearly with slope efficiencies of 40.5% and 18%, respectively, reaching maximum powers of 3.8 W and 1.7 W. The corresponding maximum overall power conversion efficiency was 45% at maximum power and the effective total slope efficiency was 58%. The highest peak power was 25.3 kW for the signal, limited only by the pump power. In the spectral domain, the signal had a spectral bandwidth of 0.33 nm at maximum power, essentially that of the seed, while the idler spectrum had a bandwidth of 8 nm. 
Conclusions
In summary, we have presented a high-energy, picosecond optical parametric generator based on MgO:PPLN, producing 2.6 μJ and 1.2 μJ signal and idler pulse energies when pumped by a gain-switched-diode-seeded Ybdoped fiber MOPA system employing direct amplification. Seeded with a ~100 MHz linewidth continuous-wave tunable external-cavity laser, pulse energies of 3.1 μJ signal and 1.3 μJ idler have been achieved in a single-pass optical parametric amplifier (OPA). The signal pulse quality in the OPA configuration was significantly improved relative to that of the pump and was just ~2 times transform limited. In order to avoid crystal damage and achieve maximum extractable energy, a broader-bandwidth filtered ASE source seed source with a central wavelength of 1541 nm and a spectral bandwidth of 0.3 nm was employed in a second OPA. A maximum signal energy of 3.8 μJ and idler energy of 1.7 μJ was achieved and the corresponding energy conversion efficiency reached 45%.
